Abstract-A resonant piezoelectric scanner is developed for high-resolution laser-scanning displays. A novel actuation scheme combines the principle of mechanical amplification with lead zirconate titanate (PZT) thin-film actuation. Sinusoidal actuation with 24 V at the mechanical resonance frequency of 40 kHz provides an optical scan angle of 38.5
I. INTRODUCTION

M
ICROELECTROMECHANICAL systems (MEMS) scanners are widely used in displays [1] - [3] , tunable lasers [4] , optical switches [5] , variable optical attenuators [6] , spectroscopy [7] , biomedical imaging [8] , and laser printers [9] . Commercial interest for mobile picoprojectors has increased rapidly in recent years, driving the interest in high-performance scanners [3] . Such scanners for laser display applications typically require actuators that can provide a large scan angle with a large mirror at high frequency and a low driving voltage. The requirements for horizontal MEMS scanners for use in laser-scanning-based high-resolution display were reported in [10] . Single-crystal silicon is usually utilized at resonant mode operation to satisfy the requirements for frequency and scan angle.
The majority of best-performing scanners in the literature are either electromagnetically (EM) or electrostatically (ES) actuated. EM scanners require the placement of bulky off-chip magnets close to the scanning device, leading to increased package size. On the other hand, ES comb-drive scanners are fairly simple to fabricate and can be compact, but they require high drive voltages. In addition, several scanning MEMS mirrors actuated by applying voltage to stack lead zirconate titanate (PZT) layers have been reported [9] . In a few cases, this is done with an asymmetric design excited by an external PZT stack attached to the chip [11] , [12] . However, it is difficult to fabricate such devices monolithically via the silicon wafer process, and stack PZT actuators consume space, as is the case with EM actuators. Hence, when key features for scanning MEMS mirrors, such as achieving large deflection with low voltage in a small package, are considered, exploring new actuation mechanisms remains an important and challenging task.
Piezoelectric actuation with thin-film PZT is a promising alternative due to its potential to offer equal performance at much lower voltage levels than ES scanners and its much smaller package size, compared with EM scanners. Significant research effort has been spent to develop piezoelectric MEMS for various applications [13] such as ultrasonic micromotors for watches [14] , ultrasonic transducers [15] , atomic force microscopy [16] , and microscanners [17] - [27] . Moreover, piezoelectric actuators can measure deflection from the piezoelectric voltage of the separated electrode [28] or the piezoelectric current charge [29] . Thus, they can be used as angle sensors for closed-loop control of microscanners without any additional process or material. Although thin-film PZT actuation is a promising candidate to meet the requirements of both high power density and size for mobile laser projectors, mechanical design challenges still remain to be solved. For high-frequency resonant PZT scanners, damping losses at high frequencies and limited deflection of PZT beams with large stiffness are the two main obstacles to overcome.
In this paper, we introduce a novel actuation scheme that combines PZT thin-film actuation with the principle of mechanical amplification, previously used for EM-actuated and ES-actuated scanners [2] , [30] , to achieve high-performance PZT-actuated resonant MEMS scanners. Fig. 1 compares reported PZT thin-film-actuated scanner performances according to a combined figure of merit θ OPT · D · f , which indicates the possible rate of pixels per seconds. θ OPT is the optical scan angle, D is the mirror width along the scan direction, and f is the scan frequency. The device design and fabrication processes are developed in Section II. The theoretical motivation and 2 . Scanner wirebonded to a custom-made printed circuit board. The major structural components of the device are pointed out, as well as the two points used for amplitude measurements. PZT A and B are the complementary drive electrodes that together make up the outer frame. The inner frame is designed to mechanically isolate the mirror from the rotational flexure to minimize mirror deformation.
a finite-element model are described in Section III, and in Section IV, the device is characterized, and the results are reported. Finally, Section V provides concluding remarks.
II. DEVICE PROPERTIES
A. Device Design
The presented scanner consists of two cascaded frames. The outer frame is the actuator and is referred to in Fig. 2 as PZT A-B. The inner frame holds the scanning mirror and is carefully designed to limit the dynamic deformation of the mirror. The outer frame is anchored to the substrate, and the inner frame is attached to the outer frame via torsional flexures. PZT thin-film actuators are placed on each side of the outer frame, as shown in Fig. 2 . Any cascaded two-frame mechanical structure will have two separate rotation modes: the two frames rotate in phase, or they rotate out of phase. The present device is designed to rotate the large mirror at the out-of-phase resonance with large angular amplification.
There are two main advantages of a design using two cascaded frames operated out of phase, compared with a mechanism without an outer frame (i.e., a direct drive, where the PZT actuators are attached directly to the mirror). First, larger scan angles can be achieved by keeping the scan mirror and inner flexures small and free from additional stress-inducing layers. Second, limited deflection of the PZT film can be amplified to achieve large mirror rotation at resonance by placing the actuators on the outer frame, as shown in Fig. 2 . The problem with the previously reported PZT actuators with long lever arms is achieving good mode separation without crosstalk and poor shock and vibration survivability due to long flexures. There is one reported PZT thin-film scanner by Tani et al. using a similar design with an outer frame to actuate an interior mirror; unfortunately, this paper lacks details of the actuation principle [26] .
The 125-μm-thick device has a 3.75 mm × 6.15 mm die size. The entire structure is anchored to the substrate with a main suspension system consisting of two 220-μm-long and 520-μm-wide flexures. The inner frame, in turn, is attached to the outer frame by a pair of 480-μm-long and 270-μm-wide flexures. To lower the peak stress, the corners of the connection points of the flexures are rounded. The scanner employs a 1 mm × 1.4 mm oval mirror in the inner frame. Two main strategies are employed in order to diminish dynamic deformation of the mirror. A 175-μm-thick cross-shaped backside reinforcement rim is left from the handle layer silicon underneath the mirror to increase mirror stiffness. Second, the mirror is mechanically isolated from the rotational flexure by the isolating inner frame, as shown in Fig. 2 .
B. Fabrication
The microfabrication is performed with a six-mask process using silicon-on-insulator (SOI) wafers having a 125-μm-thick device layer, as shown in Fig. 3 . The first fabrication step is to thermally grow a 2-μm-thick SiO 2 layer on both sides of the wafer. The bottom electrode was deposited on the oxidized wafers with a Balzers BAS 450 multitarget sputtering system at 300
• C. It consists of a Pt/ TiO 2 /i stack with thicknesses of 100, 50, and 3 nm, respectively. Ti was used as an adhesion layer, with TiO 2 as a barrier layer to prevent the diffusion of titanium to the top surface of the platinum or also to prevent the reaction of lead with SiO 2 . The textured Pt(111) film serves as electrode and as growth seed layer for obtaining a highly {100}c-textured PbTiO 3 (PTO) film (20 nm thick) used as template for the growth of the subsequent 2-μm-thick PZT{100} film [31] . PTO and PZT were deposited by a sol-gel technique based on an improved 2-methoxyethanol route, as described in [31] . The PTO film was the result of one spin, one pyrolysis step, and one rapid thermal annealing step (60 s at 650
• C). The 2-μm-thick PZT film was deposited with eight annealing steps (650
• C), each consisting of four solution spinning (4000 rev/min for 40 s) and pyrolysis steps (350
• C for 60 s). The four solutions had excess lead concentrations of 10% for the first three layers and 30% for the last layer to compensate for lead evaporation during annealing. The temperature ramp during annealing was optimized in order to achieve the desired perosvkite phase with {100} orientation. The average Ti-to-Zr ratio was chosen to be that of the morphotropic phase boundary, i.e., Pb(Zr 53 Ti 47 )O 3 , in order to maximize the piezoelectric properties. The solutions could still be improved concerning the Ti/Zr concentration homogeneity as described in [32] .
As a last deposition step, a 100-nm-thick Pt top electrode layer was evaporated and patterned using a liftoff process on the PZT layer (Mask 1).
Next, the backside oxide is patterned with photolithography and dry etch (Mask 2). This patterning is later used to create backside mirror reinforcement. In order to protect the reinforcement areas beneath the mirror during backside silicon etch, the backside SiO 2 layer is patterned, so that the 2-μm-thick SiO 2 protective layer is left on the reinforcement areas. The desired geometry of the PZT was defined by patterning with 8-μm-thick AZ 9260 photoresist and wet etching (Mask 3). The 2-μm PZT layer is wet etched in a chemical solution consisting of 30% of DI water, 70% of chloride acid (diluted at 30%), and a few droplets of hydrofluoric acid (diluted at 40%). The etch rate was about 1 μm/min. By contrast, after patterning the PZT film, the bottom electrode is etched in chlorine chemistry using an STS Multiplex ICP dry etcher after being defined through photolithography (Mask 4).
The front-side device structures are patterned and etched with deep reactive ion etch (DRIE) using the Bosch process (Mask 5). The backside is patterned with 10 μm of AZ 9260 resist (Mask 6) and is then time etched with DRIE. When 175 μm of Si has been etched from the backside using DRIE, the remaining SiO 2 under the mirror is removed with dry etch. After completing the backside DRIE of Si, the devices are released by the final oxide etch. This six-mask fabrication scheme leaves oxide on the mirror, leading to somewhat increased stress. The oxide could easily be removed by adding one additional mask to the process. Details on the impact of this choice can be found in Section IV.
III. FEA
A. FEA Results
Finite-element analysis (FEA) of the PZT scanner is performed using ANSYS software. For the sake of simplicity, only Si and PZT layers are modeled. Material properties are used as in Table I .
Modal analysis is done to extract the eigenmodes. As shown in Fig. 4 , at the second mode, which is found to be at 15 391 Hz, the outer frame and inner frame motions are in phase, and at the fourth mode, which is found to be at 39 579 Hz, the respective motions of the inner and outer frames are out of phase. At the desired fourth mode, the mechanical coupling coefficient, which determines the rotation angle ratio of the outer and inner frames, is arranged to be 17.
The presented device is designed to achieve ±10 • mechanical scan angle at its desired resonance frequency. Fig. 5 shows that the maximum stress is 863 MPa at 10
• and at resonance near 40 kHz. The stress is significantly below the silicon stress limit and observed at the connection of the inner flexure to the outer frame. Using ANSYS, the shape of the flexures was engineered, and connection areas with the outer frame were rounded to diminish the peak mechanical stress.
The dynamic deformation of the mirror is one of the essential properties of optical MEMS scanners that determine the quality of the reflected beam. Ideally, it should be less than 10% of the longest utilized wavelength λ, with the ultimate limit being 50% [33] . In this work, the mirror is separated from the inner frame to decrease the effective stress on it, and a stiffening backside rim is used to support the mirror. The dynamic deformation along the mirror is calculated using the finite-element model, as shown in Fig. 6 . About two-thirds of the mirror surface is usable for diffraction limited imaging as most of the deformation is near the edges. Note that, while the maximum peak-to-valley dynamic deformation is 2.66λ across the mirror, once the tilt is removed, the effective dynamic deformation will be about 0.45λ = 230 nm (a factor of six reductions) according to the theory [10] . The acceptable level should be about 0.25λ and can be achieved by further engineering of the backside stiffening rib. 
IV. CHARACTERIZATION
A. Drive Characteristics
The device is divided into three isolated potentials, and electrical connections are achieved by wire bonding to the isolated areas. Prior to any measurement, piezoelectric films were poled with 10 V μm −1 at an increased temperature of 150
• C for 15 min. All measurements referred in this paper are performed using the following dc-biased sinusoidal signals for device actuation:
where V 0 is the peak-to-peak (p-p) actuation voltage. These signals are applied to the electrodes placed on either side of the outer frame.
B. PZT Film Characterization
An X-ray diffraction measurement showed that the 2-μm PZT film is (001)-textured to over 90%. The C-C loop of the PZT capacitors (Fig. 7) shows typical ferroelectric characteristics with a peaking of the dielectric constant when domains are switching. PZT dielectric constant is extracted as 1200 at zero electric field. The dielectric constant is obtained by the usual relation
where C is the capacitance, ε 0 is the vacuum dielectric constant, t PZT is the thickness (2 μm), and A is the area of the PZT film. The utilized sol-gel route for the PZT gives an e 31,f piezoelectric coefficient from 12 to 14 C/m 2 and a d 33 piezoelectric coefficient of more than 100 pm/V [32] , [34] . 
C. Scanner Results
The PZT torsional scanner was tested to validate the mechanical-coupling mechanism under ambient pressure. The frequency response was measured with laser Doppler vibrometry (LDV) at the two measurement points shown in Fig. 2 to retrieve the motion of the outer frame and the mirror frame, respectively. For the mirror motion at the out-of-phase mode, the LDV data were corroborated with an angle measurement of a scanned laser spot. The mechanical response measured at the two points is presented in Fig. 8(a) as out-of-plane displacement. In Fig. 8(b) and (c) , the in-phase and out-ofphase rotational modes (see Fig. 4 ) are presented in detail. For the two latter graphs, the displacement is given as mechanical zero-to-peak (0-p) rotation. The frequency response shows, as expected, a slight spring stiffening effect. There are no jump discontinuities or measurable hysteresis.
The voltage response [ Fig. 9(b) ] was acquired by adjusting the actuation frequency to find the maximum response at each voltage level. The peak values for each voltage were measured using an angle measurer that is aligned with the corresponding scan line, as shown in Fig. 9(a) . The resonance frequency of the desired mode is around 39 870 Hz, close to the FEM prediction. At V 0 = 24 V, an optical scan angle of 38.5
• is achieved for the D = 1.4 mm mirror width. Corresponding to scanner comparison merits, the present scanner produces a θ OPT × D of 53.9
• × mm at 40 kHz, leading to a θ OPT × D × f of 
2156
• × mm × kHz. Although it is a highly performing scanner, it consumes only about 28 mW as calculated from the equation provided in [35] 
where ω is the actuation frequency, C is the capacitance, tan δ is the loss factor, and V 0 is the root mean square of the actuation voltage.
At the out-of-phase torsion mode, the outer-frame deflection is amplified and transferred to the inner frame with a mechanical-coupling gain of about 17 and agrees well with the ANSYS simulation results.
D. Mirror Deformation Measurement
The static and dynamic deformations of the mirror were measured using a stroboscopic white light interferometer (Bruker, ContourGT In-Motion). As previously explained, 2-μm oxide is left below the mirror metal to shorten the fabrication process. The p-p static deformation of about 0.13 μm induced by the oxide is shown in Fig. 10 . The static deformation can be eliminated by removing the oxide layer. The dynamic deformation of the mirror due to acceleration forces is calculated by subtracting the static deformation from the measured dynamic deformation at 4
• mechanical angle (16 • optical scan angle). As shown in Fig. 11 , the p-p dynamic deformation is about 130 nm. At larger scan angles, fringes are blurred, and data are noisier. Since the deformation is linear with the scan angle, the dynamic deformation can be estimated as 325 nm at 10
• mechanical angle, which agrees reasonably well with the 230-nm estimation using the FEM model.
E. Angle Sensor Results
Since the phase is very sensitive close to resonance, a repeatable scan line requires angle feedback to meet the demands of Fig. 12 . Example of the sensing signal while the device is vibrating at resonance with a mechanical zero-to-peak torsion angle of 1.6 • . The device used for this experiment has segmented electrodes; only one fourth of the total PZT area is used for actuation, and one fourth is used for sensing. dynamic displays. A version of the PZT where each side of the PZT is segmented into two separate electrodes was fabricated to test the angle sensor concept. One half of the electrode in each side is used to drive the scanner, and the other half is used for the scan angle sensing. Proof of concept experimental results is shown in Fig. 12 .
The readout signal is very clear and at 230-mV level. The sensing signal is 4.3% of the input voltage, which translates into very good conversion efficiency from the electrical to mechanical and back to electrical energy domain. The phase of the sensing signal follows the deflection signal measured with an LDV fully, with a constant small phase shift. PZT is generally known to have some hysteresis; however, since the stress on the film is bidirectional and symmetrical, the sensor signal is also bidirectional and does not show any hysteresis. Future work will focus on engineering the size and location of the PZT angle sensor across the scanner to minimize the impact on the actuator area.
V. CONCLUSION AND DISCUSSION
A high-performance PZT resonant scanner has been designed, fabricated, and tested. A novel MEMS scanner solution, combining the mechanical coupling principle and PZT thin-film actuation, has been proposed to achieve large optical angles at high frequencies. Analytical reasoning and a FEM have been developed and validated with experimental results. The present scanner is the best-performing one in the literature in terms of the product of mirror size (1.4 mm), optical scan angle (38.5
• ), and resonance frequency of 39 870 Hz. In addition to this record performance, it consumes only about 28-mW power, which is little compared to other actuation schemes. Dynamic deformation of the mirror is taken under control by separating it from the inner frame and using backside reinforcement rim underneath the mirror. Moreover, preliminary PZT sensing experiments are done by separating PZT layers for actuation and sensing purposes.
The presented scanner's performance meets the frequency requirements and with further work will be able to meet all the requirements of full HD resolution picoprojectors working at ambient conditions. Vacuum packaging always comes with a considerable cost and is very desirable to avoid. This record performance can be attributed to ingenuity in the mechanical design, as well as expertise in the PZT and the MEMS process.
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